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can be designed as “core-shell” particles 
with a lower core crosslink density covered 
by a surface layer with a higher crosslink 
density to achieve high liquid absorbance 
and retention capacity while avoiding 
gel blocking.[4] In general, the super-
absorbance results from the combination 
of hydration, swelling, and diffusion.[5] 
Hydrogen bonds and electrostatic interac-
tions play a major role.[6] The crosslinking 
density of a SAP network directly influ-
ences the level of swelling and the 
strength of the network. In addition, the 
polymer chains contain negatively charged 
carboxylate groups, which are neutralized 
by monovalent positive counterions. The 
hydration shell of 23Na+ weakens the inter-
action between the ions and the carboxy-
late groups. The difference in the osmotic pressure inside and 
outside the SAP matrix will also influence water diffusion in a 
swollen gel. Thus, the final diffusion within polymer networks 
depends on concentration and swelling degree.[7,8]
Translational motion of 23Na+ and water in swollen SAP 
hydrogels is influenced by the often inhomogeneous polymer 
network, which is closely related to the synthesis parameters 
such as degree of neutralization, monomer concentration, 
degree of crosslinking, and surface crosslinking as well as par-
ticle size and shape.[9,10] Thus water and ions, that is, diffusing 
moieties, may be distributed throughout the swollen polymer 
networks in a nonuniform way. To study and understand the 
translational motion of the diffusing moieties within the net-
work is scientifically interesting because the translational 
motion not only reflects intrinsic properties of molecules them-
selves but also elucidates their environment, for example, inter-
molecular dynamics or motional restriction.[11] Translational 
dynamics, that is, diffusion, of guest moieties in swollen SAPs 
primarily depends on the confinement by the polymer network 
and the electrostatic interactions.
Pulsed field gradient NMR (PFG-NMR) is known to be a 
powerful noninvasive technique to study translational diffu-
sion in polymer gels.[12,13] PFG-NMR measures the apparent 
diffusion coefficient as a function of diffusion time. Although 
there are numerous studies on diffusion in various porous 
materials,[14–17] to the best of our knowledge there are few 
reports on the time-dependent hindered diffusion in swollen 
SAPs.[18]
Dynamics of sodium ions and water in swollen superabsorbent polymer 
(SAP) hydrogels are studied by 23Na- and 1H-NMR, respectively. The apparent 
diffusion coefficients of water in swollen SAPs, probed by 1H pulsed field 
gradient NMR, decreases with increasing diffusion time. The degree of 
hindrance depends on structural and synthesis parameters. It is quantified 
within a tortuosity model. Based on the results, the swelling degree has the 
highest impact on the ion mobility, apart from synthesis parameters leading 
to different levels of physical and chemical crosslinks. 23Na-NMR relaxation 
and diffusion reveal the 23Na+ mobility in swollen SAPs. A higher degree of 
neutralization leads to faster relaxation and to a smaller apparent diffusion 
coefficient. Surface crosslinking restricts water mobility, but has a smaller 
impact on the dynamics of sodium ions. The experimental results indicate an 
influence of SAP structure on the dynamics of ions and water molecules.
1. Introduction
Hydrogels, such as superabsorbent polymers (SAPs), attracted 
considerable scientific and industrial interest because their 
hydrophilic networks can absorb and retain large amounts of 
water.[1–3] The swelling capacity of SAPs depends on the degree 
of crosslinking, that is, synthesis parameters, and ion concen-
tration in the aqueous solutions. For instance, SAP hydrogels 
The purpose of this work is to study the dynamics of 23Na+ 
and water in swollen SAPs, which helps us to better understand 
the impact of hydrogel topology on the dynamics of ions and 
molecules in the swollen gels. This is of essential importance for 
further development and application of new SAP materials. 1H- 
and 23Na-PFG-NMR diffusion and 23Na-relaxation experiments 
on SAPs with different synthesis parameters have been per-
formed at different swelling degrees. Hindrance by the SAP net-
works on the translational mobility and the correlation of NMR 
results with structural and synthesis parameters are discussed.
2. Experimental Section
2.1. Materials and Sample Preparation
SAP hydrogels based on acrylic acid were synthesized by 
Procter & Gamble Service GmbH (Schwalbach, Germany)[9] 
(Table 1) and were investigated by 1H- and 23Na-PFG-NMR dif-
fusion and 23Na-relaxation. The SAP samples were named on 
the basis of synthesis parameters (Table 1) as “SAP DN|AA|DC” 
and “SAP DN|AA|DC|RSXL,” where AA, DN, DC denote 
monomer concentration, degree of neutralization, and degree 
of crosslinking, respectively. R refers to the synthesis with 
a different reactor type and RSXL to the sample with surface 
crosslinking, respectively. NMR samples were prepared by 
filling the dry powder in a 5 mm NMR glass tube and sub-
sequently mixing with Milli-Q water at defined mass ratios 
(m m:SAP H O2  = 1:5, 1:9, 1:15, and 1:20). To avoid water evapora-
tion, the filled tubes were sealed with parafilm. The samples 
were left to swell and equilibrate for more than 24 h before 
performing NMR measurements. The filling level of the NMR 
glass tube was between 8 and 10 mm to locate the sample in the 
center of the radio frequency coil within the relatively homoge-
neous B1 field in the minispec. In addition, a dilute (0.1 M) and 
a supersaturated aqueous solution of NaCl were prepared for 
comparison. In the latter, some undissolved NaCl crystals were 
visible at the bottom of the NMR tube.
2.2. NMR Methods and Instrument
The 23Na and 1H PFG-NMR diffusion experiments were per-
formed at 25 °C on a 400 MHz NMR spectrometer (Bruker 
Avance 400 WB, Bruker, Germany) at 9.4 T (23Na Larmor fre-
quency 106 MHz). It was equipped with a diffusion probe DIFF 
BB, providing a maximum gradient amplitude g up to 12 T m−1 
when using a 40 A gradient amplifier. The spectra were meas-
ured via PFG-STE with 32 linearly incremented gradients and 
6–16 scans.[12] The measured signal decay was interpreted 
in terms of S/S0 versus q², where S0 is the signal intensity at 
q = 0. q is defined as the product γgδ/2π, where γ is the magne-
togyric ratio, and δ is the gradient pulse duration (Table 2). As 
the data show not only the self-diffusion of the moieties, the 
data processing step had to be considered, that is, the mono-
exponential Stejkal and Tanner description (Equation (1)) and a 
gamma distribution model (Equations (2) and (3)) were used to 
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∆ is the diffusion time and D the diffusion coefficient. In 
complex mixtures and geometric hindrance, the signal decay 
can be described using a gamma distribution PG(D) function.
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The mean value Dmean  =  θκ and the width of the distribu-
tion σ θ κ=  describe the distribution function, while θ is 
Table 1. Properties of the acrylic acid–based SAP hydrogels. Adapted 
with permission.[9] Copyright 2018, Wiley-VCH.









SAP 75|20|0.3  75 20 0.3 □
SAP 75|25|0.3  75 25 0.3 ∇
SAP 75|30|0.3  75 30 0.3 ◊
SAP 75|20|1  75 20 1.0 ○
SAP 75|25|1  75 25 1.0 ∆
SAP 100|25|0.3 100 25 0.3 ◃
SAP 100|25|1 100 25 1.0 ▹
SAP 75|20|0.3|Ra)  75 20 0.3 ⊕
SAP 75|20|0.3|RSXLb)  75 20 0.3 ⊟
a)Synthesis with a different reactor type compared to SAP 75|20|0.3. The sample 
was used as a reference for SXL SAP; b)Synthesis with a different reactor type, sur-
face crosslinked SAP (RSXL); c)Symbols used in the figures; DN, degree of neutrali-
zation, defined as the mole ratio of NaOH to acrylic acid; AA, solid content, that is, 
monomer concentration at the beginning of polymerization, defined as the mass 
ratio of polymer synthesis educts to water; DC, degree of crosslinking, defined as 
the mole ratio of crosslinker methylenebisacrylamide to acrylic acid.
Table 2. Parameters of 23Na and 1H PFG-NMR.
Method Parameter Value
23Na PFG-NMR Gradient pulse duration, δ 2 ms
Maximum gradient value used, gmax 9 T m−1
Number of gradient steps 32
Diffusion time for swollen hydrogels, ∆ 7–30 ms
Diffusion time for 0.1 M NaCl solution, ∆ 7–50 ms
Repetition time 2 s
1H PFG-NMR Gradient pulse duration, δ 3 ms
Maximum gradient value used, gmax 0.6 T m−1
Number of gradient steps 32
Diffusion time, ∆ 40–480 ms
Repetition time 2.5 s
a scaling parameter. κ is a shape factor, and Γ is the gamma 
function.
Longitudinal 23Na-NMR relaxation rates (R1 = 1/T1) were 
measured using the inversion-recovery sequence with 16 
recovery delays. Transverse relaxation (R2 = 1/T2) was measured 
by the Carr–Purcell–Meiboon–Gill (CPMG) sequence with 32 
echoes and an echo time of 200 µs.[22,23] The phase corrected 
data acquired within Topspin 2.1 (Bruker, Germany) were inte-
grated in the significant regions of the spectra. Further data 
processing was done using home-written Matlab routines.
3. Results and Discussion
3.1. Diffusion of 23Na+ Ions in Swollen SAP Hydrogels
PFG-STE-NMR has been applied to study translational 
dynamics of 23Na+ (spin-3/2) and water in the swollen 
SAP hydrogels. The nuclear electric quadrupole moment 
(Q = 10.4 fm2) of 23Na is relatively large. 23Na-NMR spectra of 
solids often show quadrupolar splittings and broadening, while 
in liquids the random motion of 23Na+ usually averages out the 
static electric field gradient, leading to narrow lines.
Figure 1a exemplarily shows 23Na 1 D NMR spectra for a 
swollen hydrogel (SAP75|20|0.3|R) and a supersaturated NaCl 
solution. Besides a sharp peak from mobile 23Na+, an asym-
metric and broad line is observed for the supersaturated NaCl 
solution. This is due to the residual quadrupolar interaction in 
undissolved NaCl in the supersaturated solution. The broad 
peak is not observed in the 23Na NMR spectrum of the swollen 
hydrogel (Figure 1a), nor in the other swollen SAPs. A time 
average is observed in the 23Na NMR spectrum, and no static 
quadrupolar broadening occurs, indicating fast ion dynamics.
The peak intensity S in the 23Na PFG-STE-NMR spectrum 
of a swollen hydrogel (SAP75|20|0.3|R) (Figure 1b) decreases 
with increasing gradient amplitude g. The signal decays S/S0 
versus q² for the swollen hydrogel with surface crosslinking 
(SAP75|20|0.3|RSXL) and a dilute NaCl solution (0.1 M) indi-
cate different diffusion coefficients (Figure 1c). Both the 
monoexponential decay and the gamma distribution model 
describe the 23Na diffusion data well for all investigated SAP 
hydrogels within the experimental accuracy. A difference in the 
signal decays for the SAP hydrogels with and without surface 
crosslinking was observed. 23Na+ ions in swollen hydrogels 
have similar diffusion properties except for a small influence 
of surface crosslinking. In contrast, the signal decay for 0.1 M 
NaCl solution has a steeper slope, that is, 23Na+ diffuses much 
faster in the dilute solution than in the swollen hydrogels.
23Na+ effective diffusion coefficients were measured in a 
rather limited range of diffusion times ∆, restricted by the 
23Na+ longitudinal relaxation time, for example, T1 = 49.6 ms 
for the dilute NaCl solution. The diffusion coefficients DNa+ in 
the SAP hydrogels at a swelling mass ratio of 1:5 are about half 
of the value D( 1.05 10 s )0,Na
9 1= × − −+  of freely diffusing 23Na+ in 
Figure 1. a) 23Na 1D NMR spectra for a swollen hydrogel (SAP75|20|0.3|R) and a supersaturated NaCl solution; b) 23Na PFG-STE-NMR spectrum for 
a swollen hydrogel (SAP75|20|0.3|R); c) mono-exponential (dot-dashed lines) and gamma distribution model (solid lines) describe the signal decays 
S/S0 for the diffusion of 23Na ions in the swollen hydrogels (⊕, 75|20|0.3|R; ⊟, 75|20|0.3|RSXL) and a 0.1 M NaCl reference solution (●) within the 
experimental accuracy; d) 23Na+ diffusion coefficients DNa+  in SAPs (1:5), normalized to D0,Na+  of 23Na+ in the 0.1 M NaCl reference solution as a func-
tion of diffusion time ∆.
the 0.1 M NaCl solution (Figure 1d). This value is in good agree-
ment with the value of 1.04  ×  10 − 9 m2 s−1 in literature.[24,25] 
Hydrogels with a high DN and surface crosslinking show 
smaller diffusion coefficients, suggesting a hindering influence 
of surface crosslinking on the 23Na+ diffusion. DNa+  remained 
nearly constant for ∆ ∈ [7, 30] ms (i.e., the diffusion time ∆  in 
the range 7–30 ms) within the experimental error. Similar char-
acteristics were observed by PFG-NMR in a previous study on 
resins swollen with water,[26] where 23Na+ diffusion coefficients 
were found to be constant for ∆ ∈ [3,25] ms.
With increasing swelling degree Q, 23Na+ ions diffuse faster 
(Figure 2a). In addition, the effective 23Na+ diffusion coeffi-
cients for samples with higher DN and the same AA and DC 
are somewhat smaller (cf. SAP100|25|0.3 versus SAP75|25|0.3, 
and SAP100|25|1 versus SAP75|25|1 in Figure 2b). An increase 
in 23Na+ concentration, that is, DN, tends to increase the degree 
of adsorption of 23Na+ on -COO− of the polymer chains.[27–30] 
Comparing the “core-shell” hydrogel with surface crosslinking 
to that without surface crosslinking (cf. SAP75|20|0.3|RSXL 
versus SAP75|20|0.3 in Figure 2b) reflects the swelling con-
straints caused by the surface crosslinking. Both parameters, 
that is, DN and surface crosslinking lead to smaller diffusion 
coefficients. However, there is almost no difference in DNa , mean+  
for hydrogels with different AA and DC (cf. SAP75|25|0.3, 
SAP75|25|1, and SAP75|20|0.3 in Figure 2b). A similar trend has 
been observed at other swelling degrees (Figure 2a), which have 
a higher impact on self-diffusion than the synthetic parameters 
AA, DC, and DN.
3.2. Diffusion of Water in Swollen SAP Hydrogels: Modeling and 
Comparison of SAPs
Compared to the 23Na+ PFG-signal decays (Figure 1c) and 
pure water (Figure 3a), the hydrogel sample with surface 
crosslinking exhibits the slowest signal decay in 1H PFG-NMR. 
The signal decay curve concaves upward and deviates from 
the mono-exponential function at larger q2 (cf. ⊟, dotted curve 
in Figure 3a). This indicates a strong hindrance of the water 
mobility in swollen hydrogels, resulting in a 1H diffusion coef-
ficient distribution. The gamma distribution model, resulting in 
a mean 1H diffusion coefficient DH,mean and a distribution width 
σ, describes the signal decay with high experimental accuracy 
down to about the noise level in the range of S/S0 = 10−3−10−2 
(Figure 3a). DH,mean is a function of the diffusion time ∆ and was 
normalized to the diffusion coefficient (D0 = 2.299 × 10−9 m2/s) 
of pure water at 25 °C (Figure 3b).[31]DH,mean(∆)/D0 decreases 
with diffusion time, while ∆ ∈ [30,480] ms. DH,mean approaches 
constant values at large ∆, which are much smaller than D0. The 
samples with the same AA and DC but different DN exhibit very 
similar hindered diffusion (cf. SAP75|25|0.3 vs SAP100|25|0.3), 
whereas samples with higher DC show smaller water diffu-
sion coefficients, that is, stronger hindering effects of network 
structures (cf. SAP75|20|1 vs SAP75|20|0.3 and SAP75|25|1 vs 
SAP75|25|0.3). Similar effects of DC on the diffusion of water 
molecules in SAP hydrogels have also been observed in previous 
studies on polymer gels such as poly(methacrylic acid).[32,33] 
Among the SAPs under study, the sample with surface 
crosslinking has the smallest water diffusion coefficient due to 
swelling restriction in the “core-shell” particles.
Solid lines in Figure 3b represent fits of a tortuosity model 
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where a and b are fitting parameters which depend on the 
hydrogel. The asymptotic value lim∆→∞ D(∆)/D0 is related to the 
inverse of tortuosity,[11] which describes the average geometrical 
hindrance in the swollen hydrogel relative to the obstacle- and 
interaction-free pure water. The tortuosity approaches 1 =  in 
the limit of pure water without geometric hindrance of poly-
mers or molecular interactions.[35,36]
DH,mean(∆)/D0 for hydrogels without and with surface 
crosslinking was described in this model at different swelling 
degrees, respectively (Figure 3c,d). Solid lines represent fits 
of Equation (4) to the data to estimate the tortuosity in the 
Figure 2. a) 23Na+ mean diffusion coefficients for SAP hydrogels at three 
different swelling degrees (m m:SAP H O2  = 1:5, 1:9, and 1:20); b) 23Na+ mean 
diffusion coefficients for different DN as well as for surface crosslinking 
RSXL.
swollen hydrogels. The model describes the time-dependent 
diffusion data very well which is also reflected in the error 
analysis (Table 3). Obviously surface crosslinking leads to a 
faster reduction of DH,mean(∆) because of stronger hindrance. 
With increasing swelling degree, the hydrogel networks expand 
more, and hindrance decreases. The volumetric expansion 
allows water molecules to diffuse faster inside the gel, leading 
to larger diffusion coefficients (cf. Figure 3c,d).
In swollen SAPs, water molecules are hindered in their dif-
fusion by the obstructing network. Because of the geometrical 
restriction, the measured 1H diffusion coefficient decreases 
with diffusion time ∆ (Figure 3) and gradually approaches a 
plateau value, which can be related to the tortuosity  .[11] Time-
dependent diffusion coefficients of fluids in porous media 
have often been used to measure the pore size distribution 
and surface-to-volume ratio of pores.[16,34,37] Crosslinked net-
works are different from conventional porous materials, for 
example, porous stones and porous coordination polymers[38,39] 
as “pores” are difficult to be defined. A probably more appro-
priate way to model the time dependence of the mean diffu-
sion coefficient is to consider the interactions of a guest moiety 
with polymers and the geometric hindrance by the polymers. 
Various theoretical and physical models for diffusion of sol-
vents and/or solutes in polymer systems under different cir-
cumstances, modifications, and improvements on the existing 
theories as well as the use of models in the interpretation of 
diffusion have been published.[7,40] Previous experiments on 
fluid-saturated packed beds and on a biological sample showed 
Figure 3. a) 1H PFG-NMR signal decays S/S0 in the (non-)surface-crosslinked hydrogels (⊕, 75|20|0.3|R; ⊟, 75|20|0.3|RSXL) and pure water (●) were 
modeled by the mono-exponential function (dot-dashed lines) and the gamma distribution model (solid lines); b) DH,mean(∆)/D0 depends on diffusion 
time ∆. Tortuosities [fits of Equation (4), solid lines and numbers in the graphs] are given in addition. c) DH,mean(∆)/D0 in a non-surface-crosslinked 
hydrogel (SAP75|20|0.3|R) at different swelling degrees; d) DH,mean(∆)/D0 in a surface-crosslinked hydrogel (SAP75|20|0.3|RSXL) at different swelling 
degrees; e) DH,mean(Q,∆max)/D0 modeled as a function of Q based on Phillies model (dashed lines) and Petit model (solid lines).
that Equation (4) describes D(∆)/D0 well for diffusion times up 
to ≈1 s. The tortuosity agreed well with the values obtained by 
numerical simulations.[34] Thus, the average hindrance in the 
SAP hydrogel relative to the obstacle-free diffusion could be 
modeled within the tortuosity model. Physically, the diffusing 
moieties move around the polymer chains which obstruct their 
direct mean free path. Such hindrance will make the effec-
tive distance traveled by water molecules in the swollen SAP 
hydrogel smaller than that traveled in the case of random 
Brownian motion. The data obtained for SAPs can be well 
described by Equation (4) (Figure 3b). SAP75|20|0.3 shows the 
lowest tortuosity. This is expected because smaller AA and DC 
result in a weaker hindrance on diffusion in the swollen gel. 
SAP75|25|1 shows a higher tortuosity because larger AA and 
DC cause a stronger hindrance. A similar diffusion pattern has 
been observed in SAP75|20|1 due to its larger DC. The hydrogel 
with surface crosslinking SAP75|20|0.3|RSXL exhibits the 
highest tortuosity (Figure 3b). These results are in accordance 
with the interpretation that the time dependence is dominated 
by geometric restrictions within the gel. An increase of swelling 
degree leads to reduced hindrance and thus to a lower tortu-
osity (Figure 3c,d).
To further explore the dependence of hindered diffusion 
on Q in swollen SAPs, DH,mean(Q,∆max)/D0 was modeled as a 
function of Q. Guest molecule diffusion in polymer systems 
can be described by different models, for example, the multipa-
rameter model of Vrentas–Duda, the hydrodynamic model of 

























where Bd′ and f f fp p s/′ =  are two dimensionless parameters. 








α∆ = − −  (6)
where α and ν depend on the properties of 
the diffusing moiety and the specific polymer 
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where the characteristic parameters a and ν ′ 
are related to the local viscosity in the swollen 
SAP.
For the sake of simplicity, both the 
Phillies model and the Petit model have 
been applied to the data (Figure 3e). Both 
models describe the experimental data 
well. Hindrance decreases or the inverse of 
tortuosity increases with Q. Similar behavior 
has been observed for other swollen SAPs 
(Table 4). It is interesting to note that both fit parameters ν 
in Phillies model and ν ′ in Petit model have smaller values 
for the swollen SAPs with higher DC (cf. SAP75|20|0.3 vs 
SAP75|20|1, SAP75|25|0.3 vs SAP75|25|1, and SAP100|25|0.3 vs 
SAP100|25|1), and so do the SAP with surface crosslinking. 
Except for SAP75|30|0.3, an increase of AA leads to an increase 
of ν and ν′ (cf. SAP75|20|0.3 vs SAP75|25|0.3 and SAP75|20|1 vs 
SAP75|25|1). As pointed out by other researchers,[7,44] the 
physical significance of the fit parameters in various systems 
remains vague. Nevertheless, the present work shows that both 
models provide a good description of the data for different 
swollen SAPs within the studied range of Q. DH,mean/D0 is 
related to DC and surface crosslinking. This hints at the pos-
sible swelling heterogeneity and/or change of local viscosity due 
to different interactions (see Section 3.3) in swollen SAPs. Both 
effects will impact the mobility of water in SAPs at different Q.
3.3. Interactions between Water Molecules, Counterions, and 
Hydrogel Network
1H double-quantum NMR[9,10] indicates that guest moieties 
may be distributed in a nonuniform way. Water molecules 
Table 3. Error analysis for the fit of tortuosity model [Equation (4)] to the 1H diffusion data in 
the (non-)surface-crosslinked hydrogels.
Sample Swelling  
ratio











75|20|0.3|R 1:5 6.24E-01 1.16E-05 2.19 5.56E-03 5.95E-03
1:9 2.17E-01 6.21E-06 1.85 1.02E-02 1.10E-02
1:15 1.98E-01 1.67E-05 1.54 7.06E-03 7.95E-03
1:20 1.40E-01 4.81E-06 1.47 6.79E-03 7.69E-03
75|20|0.3|RSXL 1:5 3.00E-01 4.18E-06 8.42 1.17E-02 1.36E-02
1:9 1.76E-01 2.61E-06 6.65 1.61E-02 2.33E-02
1:15 1.45E-01 2.00E-06 5.37 7.19E-03 8.63E-03
1:20 1.14E-01 1.59E-06 3.95 5.46E-03 7.62E-03
Table 4. Fit parameters of Phillies model and Petit model for various 
swollen SAPs.
Hydrogel samples  
SAP DN|AA|DC
Phillies model, Equation (6) Petit model, Equation (7)
α ν a ν′
SAP 75|20|0.3 1.441 0.461 2.410 0.285
SAP 75|25|0.3 3.497 0.890 8.152 0.575
SAP 75|30|0.3 1.726 0.191 4.229 0.158
SAP 75|20|1 1.461 0.213 2.824 0.162
SAP 75|25|1 2.469 0.330 7.864 0.277
SAP 100|25|0.3 3.140 0.521 10.282 0.403
SAP 100|25|1 2.677 0.350 9.490 0.305
SAP 75|20|0.3|R 2.274 0.617 4.642 0.398
SAP 75|20|0.3|RSXL 3.384 0.440 13.755 0.374
in agarose and alginate gels[45] also experi-
ence hindered diffusion. Translational motion 
of water in polymer gels can be quantified by 
diffusion. From the microscopic point of view, 
SAPs consist of polymer chains, crosslinkers, 
and extractables (e.g., residual monomers, oli-
gomers, and non-crosslinked small polymer 
chains) as well as network defects such as 
dangling chains and loops.[46] Water mole-
cules approach or contact polymer chains and 
segments, and the interactions to be named 
in this context are water–water bonding, 
water–polymer bonding, electrostatic interac-
tions as well as water–23Na+ interactions. The 
interactions may vary, that is, water diffusion 
is affected in various ways and to different 
degrees. In PFG-NMR, an effective diffusion 
coefficient distribution reflects the sum of all 
contributions, including water molecules fast 
diffusing in the region far from hydrogel net-
works, free water at the surface, water mol-
ecules interacting with the hydrogel network 
or exchanging 1H in regions close to COO−, 
and water molecules crossing different regions 
during the observation time. For instance, 
the hindrance and water–polymer interac-
tion in a region close to the polymer chain 
will be stronger than those in a region where 
water molecules experience no interaction. In 
other words, at a certain DC, water diffusion 
decreases as water molecules approach the 
polymer–water interface.
As already discussed, the 1H PFG-NMR 
signal decays in the swollen hydrogel indi-
cate distributions of diffusion coefficients 
(Figure 4a). To adequately describe 1H PFG-
STE-NMR data, the gamma distribution model 
was used. The relative distribution width 
σ/DH,mean,∆max is a measure to quantify the 
hindering effects of polymer network on water 
molecules in swollen hydrogels, and was com-
pared with structural and synthesis parameters 
of SAPs (Figure 4b). 1H-1H residual dipolar cou-
plings (RDC) Dres measured by 1H DQ-NMR 
depend on polymer specific parameters like 
geometry, distance, and chain dynamics. 
Dres is related to synthesis parameters.[9] An 
increase in Dres is in parallel with an increase 
in σ/DH,mean(Q,∆max) (Figure 4b). Both param-
eters are related to the hydrogel network, where 
the surface-crosslinked SAP hydrogel exhibits 
a larger value of σ/DH,mean(Q,∆max) due to the 
higher hindrance of surface crosslinking to 
water mobility.
To further explore the interactions in the 
swollen hydrogel containing hydrophilic groups 
(–COO− H+ and/or –COO− Na+), water mobility 
was modeled (Figure 4c,d). The SAP hydrogel 
under study is an anionic polyelectrolyte with 
Figure 4. a) Signal decays S/S0 for 1H diffusion in a swollen hydrogel (SAP75|20|0.3|RSXL) 
at different diffusion times (▲: 40; ◊: 80; ○: 120; ∆: 160; □: 240; ●: 480 ms); b) 1H relative 
distribution width of diffusion σ/DH,mean,∆max and Dres (residual 1H-1H dipolar coupling deter-
mined by 1H DQ-NMR). Adapted with permission.[9] Copyright 2018, Wiley-VCH; c) schematic 
representation of a SAP hydrogel, hydrogen bonds, hydration of carboxylic group and 23Na+, 
and the release of 23Na+ during swelling; d) simplified model of water-mobility in the area 
between two chains in a swollen hydrogel. The distance between polymer segments changes 
with the swelling degree. H2O and 23Na+ move around because of the Brownian motion.
negatively charged carboxylic groups. The polymeric back-
bone can be modeled as a semi rod-like segment (Figure 4d). 
H+ and Na+ ions come into contact with the polymer chains 
due to electrostatic interactions.[6] In addition, the carboxylic 
group and 23Na+ attract H2O and form a hydration complex, 
for example, water-shell structures.[47] In general, the degree 
of hydration of Na+ ions in the swollen hydrogel depends on 
the degree of neutralization and the swelling degree. For the 
hydrogels with DN = 100%, –COO− H+ are “neutralized” into 
–COO− Na+. Besides the hydrogen bonds between hydrogen 
atoms of water and -COO− groups, water molecules also form 
water-shell structures by means of electron pairs between Na+ 
ions and oxygen atoms of water (Figure 4c,d). At very low 
swelling degree or water content, two oxygen atoms in carbox-
ylic group tend to coordinate a Na+ in octet coordination.[48] In 
such an octet coordination one Na+ will be coordinated by four 
water molecules.[49] If a dissociated Na+ is only surrounded 
by water, the maximum coordination number will be 6 in the 
octet coordination model. Due to the electrostatic interaction 
and/or hydrogen bonds, water molecules will continue to 
form the hydration shell gradually. With further increase of 
swelling degree or water content, free or bulk water molecules 
are in the swollen gels. In Manning’s condensation theory 
for an infinitely long cylindrical polyion,[50,51] the condensed 
counterions are assumed to show a vanishing mobility, while 
the uncondensed counterions and all co-ions are subjected 
to Brownian motion in the inhomogeneous electric field cre-
ated by the polyelectrolyte molecules. Experimentally, binding 
effects can be probed by NMR spectroscopy, transport, and 
thermodynamic methods.[52,53] The two-state Manning con-
densation and its extended two-zone model were often used 
to describe bound and free metal ions in polyelectrolyte solu-
tions.[52,54,55] Similar two-region models were also applied to 
describe apparent diffusion coefficients and water mobility 
in contact lenses[56] as well as hydration and ion binding in 
polyelectrolytes.[47]
Ions (i.e., 23Na+, 1H+) in the vicinity of a polymer chain are 
more or less free to move on longer time scales. The two-state 
approximation seems to be an oversimplification. The finding 
that the time-dependent 1H diffusion is better described by a 
distribution is a strong indication already. H2O and 23Na+ move 
around, which is observable on the typical timescales of PFG-
NMR experiments. H2O molecules close to the chain probably 
move more slowly than those far away from the polymer chain 
(Figure 4d). The mobility of H2O in the swollen hydrogels is 
approximated by a distribution function due to interactions like 
steric hindrance and hydration. The hydration depends on the 
gel network and the charge distribution. The mobility of water 
in the hydrated region is lower, also leading to a wider distri-
bution of water diffusion (Figure 4b). These findings are in 
accordance with previous DQ experiments on the same sam-
ples,[9] where DQ residual dipolar couplings have been probed 
on a much smaller length scale (1H-1H dipolar coupling on 
Angstrom scale).
For SAPs studied at different swelling degrees, the mean dif-
fusion distance lz travelled by H2O during ∆ ∈ [40, 480] ms is 
in the range lz ∈ [10, 40] µm, while lz of pure water amounts 
to 50 µm. lz increases with Q. Moreover, gels with a higher 
degree of crosslinking or with surface crosslinking show 
smaller lz due to the stronger steric hindrance. The typical 
mesh size is 1–10 nm, the typical length scale of spatial inho-
mogeneity of the polymer crosslinking density is in the range 
of 10–100 nm.[46] PFG-NMR diffusion has been studied on the 
length scale of a few tens of micrometers, which means that 
average quantities have been observed.[44]
3.4. Sodium Relaxation and Its Relation to Sodium Diffusion, 
Structural and Synthesis Parameters of SAP Hydrogels
The 23Na+ translational mobility is influenced by the above dis-
cussed interactions in the swollen SAP gels (cf. Section 3.3). 
23Na-NMR relaxation on the swollen SAPs was measured at dif-
ferent swelling degrees. Longitudinal and transverse relaxation 
of a spin-3/2 nucleus depend not only on fluctuating spin–spin 
interactions but also on the fluctuating electric field gradient. 
The quadrupolar interactions fluctuate fast on the time scale 
of the NMR experiment (Figure 1a). In 23Na-relaxation experi-
ments, relaxation decays and magnetization build-up curves 
are describable with mono-exponentials. 23Na+ in the swollen 
hydrogels therefore experience fast fluctuating quadrupolar 
interactions on the frequency scales of Larmor frequency and 
of a few kHz leading to quadrupolar relaxation.
The 23Na+ relaxation rates R1 and R2 increase with 
decreasing swelling degree (Figure 5). The polymer chains 
become more compact at a lower swelling degree, and thus 
the vibrational frequencies, that is, correlation times of the 
quadrupolar interactions, change together with an increased 
probability of entanglement. The dilute NaCl solution thus 
exhibits longer relaxation times of 23Na+ (T1 = 49.6 ms and 
T2 = 34 ms). It is interesting that the measured 23Na+ relaxa-
tion rates for samples with DN = 100% are larger than those 
with DN = 75% (cf. SAP75|25|0.3 vs SAP100|25|0.3 and 
SAP75|25|1 vs SAP100|25|1 in Figure 5). The increase of the 
relaxation rates with DN is related to a higher 23Na+ concen-
tration and stiffer gel. It is noteworthy that the neutralized 
hydrogel chains contain negative charges which repel each 
other and are balanced by positive ions (Figure 4c,d). 23Na+ are 
hydrated which reduces the electrostatic attraction to carboxy-
late ions, allowing the hydrated 23Na+ to move relatively fast 
within the network.[6,57] 23Na+ are still attracted by the negative 
carboxylate groups and exchange with other ions (Figure 4c,d). 
The strength of such an ion trap and the local ion-exchange 
dynamics on the timescale of ms are reflected in R2, while 
R1 indicates fluctuations in the frequency range of about 
106 MHz in the current experiment. Faster relaxation rates R1 
and R2 are observed with a stronger effect on the latter.[58,59] 
The samples with higher DC show slightly faster 23Na relax-
ation rates (SAP75|20|0.3 vs SAP75|20|1, SAP75|25|0.3 vs 
SAP75|25|1, and SAP100|25|0.3 vs SAP100|25|1 in Figure 5). 
However, no significant difference between the relaxation 
rates measured for different swelling degrees was observed 
for the samples with the same DN and DC (SAP75|20|0.3 vs 
SAP75|25|0.3 and SAP75|20|1 vs SAP75|25|1 in Figure 5), 
except that SAP75|30|0.3 shows somewhat smaller values of R1 
and R2. A higher monomer concentration results in a larger 
fraction of polymer chains and thus possibly more physical 
crosslinks as chemically fixed entanglements. After swelling, 
electrostatic repulsion and hydration may lead to a redistribu-
tion of 23Na+ in the swollen gel, that is, a release of 23Na+ into 
regions away from the polymer chains (Figure 4d). Thus the 
hydrogel SAP75|30|0.3 gives rise to somewhat shorter R1 and 
R2 and a somewhat larger diffusion coefficient (Figures 2a, 5, 
and 6).
Translational 23Na-NMR diffusion and relaxation rates 
were compared for the SAP hydrogels and related to struc-
tural and synthesis parameters at m m:SAP H O2  = 1:9 (Figure 6). 
Among hydrogels without surface crosslinking, both diffusion 
coefficients and relaxation times (Ti = 1/Ri) of 23Na+ indicate 
similar trends with the synthesis parameters. The overall dif-
fusion coefficient of 23Na+ in SAP75|20|0.3|RSXL is smaller, 
whereas Dres is larger than that without surface crosslinking 
(SAP75|20|0.3) due to the contribution from the high surface 
crosslinking density. Regarding the relaxation rates, however, 
there is only a small difference between the two hydrogels. An 
increase in Dres tends to an increase in relaxation rates and a 
reduction in the 23Na+ diffusion coefficient. Dres corresponds 
to structural changes of hydrogels, while DN has the highest 
impact on relaxation.
To further look into 23Na+ dynamics, diffusion coefficients 
and relaxation rates were correlated while swelling degree is 
an intrinsic variable (Figure 7). With increasing Q, DNa , mean+  
increases linearly but is much smaller than in 0.1 M NaCl, 
while both relaxation rates decrease. As expected, R2 in swollen 
hydrogels is faster than R1 by a factor of about 1.6. In samples 
with larger DN DNa , mean+  is smaller, while relaxation rates are 
larger (Figure 7). Experimental data for hydrogels with surface 
crosslinking almost coincide with the linear relation between 
DNa , mean+  and R1 (or R2) for SAP without surface crosslinking, 
because the core-shell hydrogels have the same core cross-
link density as those without surface crosslinking. In previous 
DQ-NMR experiments,[9] the fractions of network chains and 
Figure 5. 23Na relaxation rates a) R1 and b) R2 for hydrogels at three dif-
ferent swelling degrees (m m:SAP H O2  = 1:5, 1:9, and 1:20).
Figure 6. 23Na-NMR diffusion and relaxation rates at m m:SAP H O2  = 1:9 
together with 1H Dres. Adapted with permission.[9] Copyright 2018, 
Wiley-VCH.
Figure 7. Correlation between 23Na diffusion and 23Na relaxation for 
SAPs at different swelling degrees (indicated by the symbols in Table 1). 
Corresponding values of 0.1 M NaCl solution (●) are also given for com-
parison. Symbols represent the experimental data, and lines are guides 
to the eye ( -.-: DN = 100%; ----: DN = 75% and DC = 1%; —: DN = 75% 
and DC = 0.3%). The data in the lower grey-marked area correspond to 
R1, data in the upper white area R2.
defects were found to be constant for SAP gels with and without 
surface crosslinking, but hydrogels with surface crosslinking 
tend to have a broader or even bimodal RDC distribution and 
thus a large mean Dres (Figure 6). 23Na+ in the swollen gels with 
and without surface crosslinking are in a similar state at the 
same swelling degree except for the overall diffusion coefficient 
which reflects the hindrance by surface crosslinking. For hydro-
gels with the same DN and DC at the same swelling degree, the 
difference is very small. A trend is observed for relaxation rates 
which increase with DC (solid and dashed lines in Figure 7).
Pearson correlation analysis indicates that the correlations 
are significant at the 0.05 level. The correlation coefficients 
between DNa , mean+  and R1 are − 0.8710, − 0.9876, and − 0.9785 
for SAPs with DN = 100%, SAPs with DN = 75% and DC = 1% 
and SAPs with DN = 75% and DC = 0.3%, respectively. Simi-
larly, the correlation coefficients between DNa , mean+  and R2 are 
− 0.9738, − 0.9816 ,  and − 0.8817 for SAPs with DN = 100%, 
SAPs with DN = 75% and DC = 1% and SAPs with DN = 75% 
and DC = 0.3%, respectively. The correlation coefficients are 
in the range between − 0.8710 and − 0.9876, implying that 
DNa , mean+  and R1 (or R2) are well linearly related in the measured 
range.
Additional experiments were performed by swelling the 
SAP in D2O. 23Na+ diffusion coefficients (D2O) are smaller 
than those observed in H2O swollen hydrogels, but relaxa-
tion rates are larger (Figure 8). This is attributed to the larger 
viscosity of D2O ( 1.232D O H O2 2η η≈ ×  at 25 °C).[60] 23Na relaxa-
tion rates were found to be proportional to the viscosity of the 
swelling solvent.[61] Although liquid D2O and H2O have very 
similar molecular properties and the molecules tend to be ori-
ented with the oxygen toward 23Na+, D2O shows more stable 
hydrogen bonds than H2O because of its higher zero-point 
energy of intermolecular vibrations.[62,63] Those properties are 
reflected in 23Na+diffusion and relaxation: The ratios of diffu-
sion coefficients D D( ) /( )Na , mean H O Na , mean D O2 2+ +  and relaxation rates 
R R( ) /( )i,Na D O i,Na H O2 2+ +  for hydrogels swollen in H2O and D2O 
amount to 1.2–1.3, which is close to the viscosity ratio of D2O 
to H2O (1.23).
4. Conclusions
Superabsorbent polymer hydrogels have been investigated by 
1H and 23Na PFG-NMR diffusion and 23Na-NMR relaxation. 
23Na+ and 1H diffusion coefficients are both reduced. A gamma 
distribution model was used to analyze PFG-NMR data. 
DH, mean decrease with diffusion time, which is an indication for 
geometrical hindrance and molecular interactions. The distri-
bution width appears to be a valuable measure, too. 23Na-NMR 
relaxation and diffusion reveal insight into motional dynamics 
of 23Na+ in the swollen hydrogels. DNa , mean+  is nearly constant in 
the interval of diffusion times ∆ ∈ [7,30] ms and smaller than 
DH,mean at the same swelling degree. 23Na+ in swollen hydro-
gels are in the fast motional regime of NMR. A higher degree 
of neutralization causes faster 23Na relaxation and smaller dif-
fusion. Surface crosslinking also hinders 23Na diffusion. Only 
a small difference in 23Na relaxation is observed for hydrogels 
with and without surface crosslinking. 23Na diffusion for SAP 
hydrogels swollen in D2O is smaller than in H2O but relaxation 
rates are larger. The ratios of the corresponding NMR values 
in both cases (diffusion coefficients and relaxation times) are 
close to the viscosity ratio of D2O to H2O (1.23). For hydrogels 
with the same degrees of neutralization and crosslinking at the 
same swelling degree, the difference between 23Na relaxation 
rates is very small. However, relaxation rates lightly increase 
with the degree of crosslinking. 23Na+ relaxation rates R1 and 
R2 tend to decrease as DNa , mean+  increases. An extension to other 
cations is of interest for material development, which will be 
investigated in future work.
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